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formability of certain high strength acrospace sheet a11oys.€:

Constant extension rate tests vs. strain rate and temperature and load
relaxation tests vs. temperature have been performed on 2024-0 aluminum Sheet
and annealed Ti-6Ae-4V sheet and round bar tensile specimens. Load-elongation
and load-time data were recorded digitally for direct determination of char-
actepistic derivative plots such as dano/de (y) vs. o and o vs. ¢ where g, ¢,
and e are the stress, non-elastic stratn and strain rate respectively. Thus
the strain hardening coefficient and strain rate sensitivity are obtained as
functions of stress, strain rate, and temperature. The plastic anisotropy of
the sheet materials has also been investigated.

~ FLC's can be calculated from constitutive equation parameters determined
directly from the derivative plots. From the dependence y (¢), it was found
that the Swift equation models the strain hardening behavior exactly at high
strains (e 2 0.05 for 2024-0 Ag; €20.02 for Ti-6A2-4V). At 25°C, the strain
rate dependence ¢ (e) could be modelled by an equation suggested by Hart for
low homologous temperatures. For 2024-0 At at 25°C, the strain rate sensi-
tivity was small enough to be neglected.

For 2024-0 aluminum at 25°C, the FLC calculated from Hill's theory of
localized necking (strain-rate independent) was in good agreement with an
experimental in-plane forming 1imit diagram (FLD). However, both the calcu-
lated FLC and in-plane FLD were significantly lower than the standard out-
of-plane FLD determined from punch-stretch tests. For 2024-0 aluminum at
: 163°C (325°F) and Ti-6A2-4V, an FLC based on a strain-rate dependent model
" will be required for comparison to experimental Timit strains.
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I. [INTRODUCTIGN

1.1 Sheet Metal Formability

The formability of sheet metal! is dependent upon certain plastic pro-
perties of the material identified as formability i1ndices. These indices
affect formability in two distinct ways. On one hand, they determine
the Timiting states of strain which a sheet can provide in a forming pro-
cess without an intervening failure. In addition, they affect the way
strain 1s distributed in a sheet during forming and, hence, partially de-
terniine the maximum sStrains that will be imposed. Hence, it 15 necessary
to identify and determine these formability indices for input to both form-

ability and process niodels.

Several material properties are widely accepted as important sheet
formability indices. These include the strain hardening coefficient and
strain rate sensitivity. It is less widely recognized that these indices
can show a significant dependence on strain-rate, temperature, and some
measure of plastic hardness due to prestrain. It follows that, in order
to include these parameters into analytical formability or process models,
it is important to have an analytical material model or constitutive equa-

tion which can be used to express these dependencies.

Recently, Thomas, Gegel, and Teutonico [1] presented a systematic
appreach to assessing sheet metal formebility based upon analytical mate-
rial constitutive equations and calculated forming limit curves. The forming
limit curve (FLC), which gives the locus of principal strains beynond which
failure is expected, is based on a specific failure mode and corresponding
set of material properties. The constitutive equation is used to input
these properties, including their dependence on strain, strain-rate, and
temperature, into the FLC analysis. When combined with numerical sheet
metal process simulation models, an integrated CAD/CAM program for sheet

metal forming can be developed.

1.2 Formability Indices

It is usually assumed that the most important failure criteria for
sheet forming are related to plastic instability since plastic instability
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usually precedes fracture. In this case the relevant sheet metal forma-
bility.indices can be taken to be

(1) The strain hardening coefficient vy = (32 n o /la'e)"-!‘Where A
o is the flow stress, e is the non-elastic strain, an; e is tﬁe
non-elastic strain rate, ~ '

(2) Tha strain rate sensitivity v=1{32no/ 32 n &) 0

(3) Ore or more hictory dependent parameters describing b1ast1c
hardness which evolve during deformation ahd which also partially
determine y and v, and |

(4) Parameters needed to describe plastic anisotropy of the candidate
sheet material.

The functional dependences of the indices (1) and (2) on stress ¢ and strain
rate ¢ and the index 1ist (3) will depend on the form of the constitutive
equation.

The indices (4) describing plastic anisotropy are taken to be the
plastic strain ratios ro* Yoo and ras measured on tensile specimens cut
from the sheet at 0°, 90°, and 45° to the rolling direction respectively.
In formability calculations which depend on normal anisotropy only [1], an
effective r = 1/4 (r0+r90+2r45) ijs used. In calculations which account for
planar anisotropy [2], the yield function depends explicitly on all three
measured strain ratios.

1.3 Scope of the Program

The objective of this program has been to determine and experimentally
verify material aralytical models or constitutive relations applicable to
the formability and processing of high strength aluminum and titanium alloy
sheet materials. The constitutive relations will be used in related Air
Force programs on modeling sheet formability and sheet forming processes.

The candidate materials selected for the test program were 2024-0 -
aluminum and the titanium alloy Ti-6A2-4V. The 2024 aluminum is usually
formed in the "0" or soft temper and then heat treated to high strength.
Ti-6A2-4V is the most widely used titanium alloy for aircraft structural
parts.




The experimental test program has been restricted to uniaxial tensile
tests. These include both constant extension rate tests used to determine
strain hardening behavior and load relaxation tests used to determine strain
rate sensitivity. The tests have been conducted on commercial sheet mate-
rials at temperatures representative of typical forming operations. The
plastic anisotropy of the sheet has been considered. A digital data acqui-
sition systemhas been developed. Data in digital form is required for

accurate determination of required derivatives and for convenient mathe-
matical modeling.

The uniaxial tensile test configuration has been selected because it
provides a uniform stress state and is widely used. The advantages of
being able to characterize the formability of a sheet material in terms of
a few simple tensile tests is obvious. However, several potential limita-
tions of the tensile test are widely recognized. These include (1) Timited
strain range due to necking instabilities, (2) limited strain rate range
below most forming rates, and (3) lack of information on stress state depend-
ence. In general, these limitations have not had a negative impact on the
testing program, and this is discussed in detail where appropriate in the
report. In regard to (3) above, it has been possible to compare the uniaxial
test results with some biaxial tests obtained in related programs.

The constitutive relations determined can be used to calculate theore-
tical forming 1imit curves (FLC). The FLC has been calculated based upon
Hi11's [3] condition for localized necking. The limitations of the calcu-
lation will be discussed.

1.4 Relation to Other Air Force Programs

This program has been conducted in close cooperation with two other
Air Force programs concerning sheet metal formability and sheet forming
processes.

(1)  Work on the analytical determination of forming limit curves was
conducted by Dr. Louis J. Teutonico as a visiting scientist and
consultant to the Air Force Materials Laboratory. The forming
1imit curve analysis used here was developed under this effort.
Dr. Teutonico's work has continued as part of contract F33615-




78-R-5025 entitled "Research to Develop Process Models for
Producing a Dual Property Titanium Alloy Compressor Disk"
with Battelle Columbus lLaboratories as prime cortractor.

A program entitlied "Mathematical Modeling of Sheet Metal Forma-
bitity Indices and Sheet Metal Forming Processes" is being con-
ducted under contract F33615-77-C-5059 by Battelle Columbus Lab-
oratories as part of the Air Force ICAM Program. ALCOA Labora-
tories, University of Kentucky, University of California (Berke-
ley), and Mcbonnell Aircraft Company are subcontractors. The
tensile test matrix performed here has been coordinated with this
program., Experimental forming limit diagrams (FLD's) on 2024-0
Ai (by ALCOA) and on Ti-6At-4V (by UK) are available for compar-
ison to theoretical predictions. The tensile test results and

FLD's referenced in this report are described i1 detail in the
first annual report *or the Battelle contract [4). Bulye test
cesults on 2024-0 At¢ by ALCOA completed after the annual report

date have been transmitted to the author as a private comnuni-
cation [5].
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2. CONSTITUTIVE RELATIONS

2.1 Strain Hardening Relationships

In most metal forming calculations, the constitutive relations euployed
are empirical equations which relate flow stress to strain or strain rate but
usually not both. When strain and strain rate are considered tcgether, it is
often in terms of an empirical strain hardening law with a superposed power
law creep strain rate factor (.

The mast ubiquitous empirical strain hardening relationship is the
power law suggested by Holloman [6],

(2-1)

The parameter n is the strain hardening exponent which is the cornerstone

of many metal forming calculations. However, [q. (2-1) is usually an over-
simplification in that the strain hardening exponent is not a constant but
depends upon strain and strain rate. This lecads to a strain hardening law
of a different form than Eq. (2-1).

Other strain hardening laws have been proposed. Those discussed most
often are by Ludwik[7],

a = Uo + k¢, (2-2)
by Swift [8],

o = Kk (r.o+ z')n' (2-3)
and by Voce [9, 10],

g ag - ((15- UO) exp (-/n). (2-4)
The main advantage of the Lu/wik and Swift laws over the power law is

simply that they include three parameters rather than two and, hence,
may account for a wider range of strain hardening behavior such as a

£ finite yield stress or effects of a prestrain Ly However, 1t should be
: noted that the Swift equation wil) appear in the analysis in this report
i from a somewhat different perspective.

The Voce equation includes not only a finite yield stress g but
also a saturation stress g For this reason among others, Kocks [11]
enployed the Voce equation to describe the strain rate dependent strain
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hardening behavior of high purity aluminum and type 304 stainltess steel.

In order to fit the Voce equation, he neglected the high strain portion
The strain hardening behavior to be reported here,

ool
a

;.TM‘

— o -
T S A L o

of the tensile data.
particularly for 2024-Q0 A<, does not support the concept of a saturation

stress and suggests that Kocks' approximation in neglecting the high strain

e i cenpeiin

tensile data may not have been justified.

i

An important feature of our analysis of strain hardening behavior

will be an emphasis on the strain hardening derivative and, in particular,

on log-log plots of the strain hardening coefficient y vs. o. A similar ]

i
A

approach has been suggested by Reed-Hil) et al. [12] who plot Yog (do/di) 1

vs. Yogq v. For nickel 270 stress-strain curves obtained at 300K , they é

observe stages where log (do/d.) decreases linearly with log o which is 1A

similar to the results to be repo~ted here. 'fﬁ

H Our experimental results show clearly that the strain hardening *%
é coefficient v and strain rate sensitivity v depend, in general, on both *f
; strain and strain rate. Hence, strain rate independent strain hardening §§
§ relationships are not sufficient to model the plastic behavior. A more iE
é general approach is required to guide the development of constitutive 4%
i relations. 1§
2.2 Hart's Phenomenological Approach 'g

The overall requirements for material constitutive relations appli- E

1 cable to sheet metal formability have led us to the phenomenological }5
4 approach developed by L[.W. Hart [13] and recently summarized by Hart et al. :
Z (14]. This is a flow theory in which the flow stress is expressed as a i
E function of strain rate, absolute temperature, and one or wore explicitly é
history-dependent parvameters which characterize the current structure of F

% the miterial and evolve with continuing deformation. These structure L
parameters partially determine the curvent mechanical properties and can I

be used, for example, to describe lot-to-lTot variations. Strain hardening é

can he described in terms of the evolution of the structure parameters
Another dmportant feature of this approach

with accumulated plastic strain.
is that the two most important formability indices, the strain hardening

coefficient y and the strain rate sensitivity v, appear as state functions

[ e




such that their dependence on stress, strain rate, and teomperature can
be specified. This {mplies that the incremental stress~strain rvelationship

deno = yde 4 v dend (2-9)
can be inteqrated for any known deformation path.

An analytical form for the rate dependence of the flow stress has

recently been proposed by Hart [15], namely
'4* 1

U=l‘*exp[‘(‘.‘) ]*“0

A (2-6)

This equation represents non-elastic grain matrix deformation only with
the first term describing thermally-activated flow and the second term
describing diclocation glide. The parameters W and M are material constants

* « W . )
and o , « , and 9 represent the current mechanical state. The evoluntionary

* oK . .
parameters o and « are related so fq. (2-6) ircludes two independent param-

eters. The equation should be applicable at all temperaturces below about
0.4 times the meltina temperature above which arain-boundary sViding must
d1so bhe considered.

The problem of developing an analytical form to describe strain hard-
ening in terms of the evolution of the history-dependent parameters in [q.
{2-6) 1is not as well developed. It is expected that the extensive oxperi-
mental data on strain hardening vs. temperature and strain rate obtained
in this program will contribute to a solution to this problem.
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3. FORMING LIMITS

3.1 Experimental Forming Limit Diagrams =

The forming 1imit diagram (FLD) approach to assessing limiting strains
to failure in a sheet metal process was introduced by S.P. Keeler [16] in
1965. The FLD presents a locus of principal strains (e], e2) in the plane
of a sheet beyond which failure is expected. By definition, ey is the
largest principal strain, and we are concerned with failure related to
thinning (e3 < 0). Hence, the FLD covers strain states from pure shear
(true strain €9 =-e]) through plane strain (e2 = 0) to balanced biavial
tension (e] = e2).

The FLD is determined experimentally by laboratory tests on gridded
blanks which produce the appropriate range of principal strain ratios ez/e].
Keeler's original work [16] employed biaxial stretching experiments to pro-
duce tension-tension strain states to determine the right-hand side (e2 > 0)
of the diagram. Goodwin [17] extended this work to the left-hand side
(92 < 0) using various types of cup and Lension tests for tension-compres-
sion strain states. The FLD is defined in terms of the major and minor
stirains measured on a grid of deformed circles at the onset of visible,
localized necking. It is drawn to fall below the strains in necked and
fracture-affected zones and above the strains found just outside these
zches. The original Keeler-Goodwin FLD was presented as a narrow band
which helped account for the experimental uncertainty in identifying
the forming limits.

The techniques currently being used to generate experimental FLD's
can be divided into two groups, in-plane and out-of-plane. For in-plane
techniques, the sheet is no: bent, and there are usually no surface
(frictional) forces cr normal pressures. These techniques involve modi-
fied tensile specimens and punch-stretching of a reduced thickness patch
[18]. The more standard out-of-plane techniques usually follow the modi-
fied punch-stretch test routine suggested by Hecker [19]. In these tests,
a gridded sheet is clamped securely at the periphery and stretched to
failure over a hemispherical punch. Failures are generated over a range

of strain ratios ez/e] by increasing the lubrication on the positive side




(e, > 0) and decreasing the blank width on the negative side (e, « 0).
The deformation modes in the out-of-plane tests of course correspond

ol fy -

more closely te actual sheet metal processes.

While there are some cases for which in-plane and out-of-plane FLD's
agree, it is generally found that the out-of-plane limits are appreciably i I
higher than the in-plane limits. This has been discussed by Ghosh and ) f%
Hecker [20] and, more recently, by Ghosh [21]. The differences are attri- - +
buted to variations in strain path and in the process ot strain localization
which is much slower for out-of-plane tests.

t

3.2  Theoretical Forming Limit Curves
Although the FLD is a basic and useful way to assess formability, it ¥
L
would he difticult to determine the explicit dependence of limit strains B
on material properties or even identify which properties had the most direct b

affect. Hence, an important complimentary technique to the F1 D is the
theoretical forming limit curve (FLC). The FLC rep.csents awific failure
criterion and, hence, a specific set of relevant property:

Plastic Instability Criteria, The most important fajlure criteria for i
sheet forming describe some mode of plastic instability. Swift {8] dis- : 4

cussed the onset of diffuse necking and showed that it can begin when the
strain hardening coefficient y reduces to a critical value which depends on %
the strain ratio (cz/f]). For an isotropic sheet deformed by uniaxial
stress 12/c] = - 1/2 and the critical value is vy = 1. However, the onset
of diffuse necking is not readily observable, and, hence, the Swift cri-
tericn is nut a relevant tailure criterion for sheet metal.

Plastic instability leads to failure only when a localized neck 1
forms. Hill [3] presented the _.ondition for the onset of a localized neck
in a thin sheet. Again, the condition is stated in terms of a critical y.
For an isotropic sheet deformed by uniaxial stress it is y = 1/2. However,
the Hil1l condition applies only to the left hand side of the FL.C for which
vy « 0. Also, it does not accourt for strain rate dependence.

To account for localization of deformation for strain states with

vy > 0, two approaches have been taken. The first, due to Marciniak and




Kuczynski [22] (M-K) and extended by Hutchinson and Neele [23], postulates

the existence of an initial non-homogeneity in the form of a thickness
groove across the sheet, As the sheet deforms. the strain becomes local-
ized to this groove. The seccend approach, first proposed by Stéren and
Rice [24] and later modified by Hutchinson and Neale [23], incorporates

a deformation theory of plasticity into a classical bifurcation analysis.
The bifurcation mode corresponds to localized deformation in a narrow band,
as in Hill's analysis. Only the first approach will be discussed further.

The M-K analysis was based upon a von Mises yield function incorpo-
rating normal anisotropy and Swift's strain hardening relation, [q. (2-3).
Strain rate effects were not included. The M-K approach was also investi-
gated by Sowerhy and Duncan [25] who discussed the dependence of forming
Timits on material properties and by Lee and nubayasni [2] who extended the
calculation to the left-hand side (l? ~ 0) and discussed planar anisotropy

and strain path dependence.

Strain rate effects were first introduced by Marciniak, kuczyneli.
and Pokora [26] (M-K-P) nd discussed more recently by Hutchinson and
[23]. The strain rate - pendence is introduced hrough the constitut
relation by including a puaer law creep facto. ‘m. It is shown that quite
small values of the strain rate sensitivity (m 2 0 =1) can have a larqge
positive effect on the forming limits. The strain rate dependent calcu-
lations have bcen developed by Ghosh [21] who found qood agreement between
calculated and experime _al forming limits for A-K Steel. The rate sensi-
tivity provided nearly a 50 percent enhancement in the calculated plane-

strain forming limit.

There are two problems with the M-K and M-X4$ analyses which deserve
mention. One is the requirement for an initial inhomogenerty. This 1s
usually expressed in terms of a thickness (f = at/t) or strength (f = AK/k,
k from Fq. (2-3))defect or combination of both. The calculated forming

Timits are quite sensitive to the assumed sire of the initial ynhomogeneity.

Ghosh [21] finds agreement between theory and experiment for f = 0.002 - 0.010

which he justifies as being reasonable values. Still f is not directly

measureable and must be viewed at present as an adjustable parameter. The




other problem involves the extension of the analysis to the left-hand side
of the FLC. On the right-hand side, the grocve should be taken perpendic-
ular to the axis of the largest principal strain. For the left-hand side

this is not the case. MHutchinson and Neale [23] discuss the problem of

optimizing the angle between the groove and the principle strain direction
s0 as to obtain the lowest forming limit,

for the strain rate independent
case, it is probably a good approximation to take the groove (defect) at
the Hi1l [27] angle thouah for the strain rate dopendent case this may

b

not be Justified [28]. Since these problems have not been resolved, the
FLC calculations in this report wilt be based on the Hill condition, Un-

fortunately, this means that strain rate effects are not included.

"

\~ i

Hill's Condition for_Localized Neching. The derivation of the FLC

: based on Hill's theory of localized neching is described in reterence

[1]. 1t will be reviewed briefly here. Nill's condition is [3],

\f ot i
IR A R A (3-1)

where f is the yield function as defined in Appendiy A, Qther assumptions
are plane stress, normal isotropy, and proportional straining. lUsing Lqs.
| (A4, A5, A20) of Appendix A, it can be shown that the FLC s given by

l1+l',\:\l. (3"2)

The right hand side in Eq. (3-2) can be determined from the constitutive
relation as a function of sirain ratio (yq/l]).
“

To plot the FLC, we use a parvametric form determined from tqs.

T T R e b v

(A4, AR). For the Swift strain hardeninag relation, £q. {2-3), the

effective strain . s related to the critical y by

A reel e

y =n/ (.0* e (3-3)
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4. EXPLRINCNTAL TEST PROGRAM

4.1 Materials and Test Specimens

The 2024-0 aluminum and titanium -6A:{-4V sheet materials used in this
project were supplied through Battelle Columbus lLaboratories from lots
obtained for their sheet metal forming project (see sec. 1.4). Both sheet
materials were 0.050 in (1.27 mm) thick.

The 2024-0 A sheet was fabricated by Reynolds Metals Company and
supplied according to MIL specification MIL-QQA-250/4. 1t was not clad.

The grain size, determined by ALCOA [ 41, was a relatively large ASTM 3.5,

The Ti-0Ac-4V sheet was fabricated by RMI Company and supplied accord-
ing to MIL specification MIL-T-9046, type I11, composition € in the annealed
condition (1450°F for 15 min. + A.C.). Metallographic examination in our
laboratory, at the University o, hentucky [ 4], and at Battelle [ 3]
indicated that:

1. The microstructure is characterized by a tine grain size of

2=H .

r3

The material was not fully {recrystailized) annealed. This is
consistent with the MIL specification and industry practice.
3, Some plastic work, as evidenced by apparent grain elongation along

the rolling direction, rcmained in the material.

The crystallographic texture of the Ti-0AC-IV sheet was also determined
using X-ray pole figures by Boeing Technology Services, Scattle, Washington,
and reported by Battelle [ 41, Interpretation of the (0002) pole figure
indicated that theee textural components were dominant, (1) basal pales
aAligned with the transverse divection, (1) basal poles votated approximately
15" from the sheet nomal toward the volling direction, and (3) basal poles
aligned with the rolling dirvection.  Neither component was particularly
strong with antensitie: of appre aately Oy vandos. This s g coimon
commerical Ti-0A, -4V testure and deads to v-valoes -1,

The sheet materials wore cut into test specimen blanks which were
machined into pin-toaded tensile specimens ot 150 in (3801 mm) quage
Tenath.  The specimen aestagn s shown an brgo b0 AT dimensonal ratios

correspond to the pin-loaded sheet specimen in ASTE woeciticaten -8,
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Before cutting the sheets, maps and specimen codes wore prepared so that the
lacation of each specimen in the sheet could be subsequently determined.
Tensile specimens were cut from the sheet in three different orientations,
at 0° (L), 90" (T), and 45" {F) to the rolling dircction.

It is clear from the results in Sec. 6 of this report that the

Ti-6A -4V sheet material has very limited strain hardening capacity. It

is thought that this is due to the fact that it was only partially anncaled
and retains a structure influenced by the retention of previous plastic
work. Hence, for the study of the strain hardeninag behavior of Ti-0A(-4V,
some eaperiments have been performed on button-head tensile specimens
machined from fully annealed Ti-6A(-4V round bar stock available from a
previous study (29, This material had been supplied according to MIL

specification MIL-T-9047 and had been annealed at 1450°F for 2 hours plus
air cooled.

4.2 Tensile Test Procedures

Rolh constant extension rate and lead relaxation tests were carried out
using a 25 KN Instron 1123 screw-driven tester.  fhe crosshead speed could
be varied, essentially continuously, from 500 mm/min to below Hx107 Y ma/min.

This allowed initial strain rates of 10~} to 107" sec”™! to be obtained.

For load relaxation tests, the loading strain rate was chosen to be
10-" sec-!. Load relaxation data was recorded after stopping the Instron
crosshead at a predetermined extension as continued plastic strain in the

specimen replaced elastic strain in both the specimen and load train.

For tests above room temperature, specimen temperatures were main-
tained using a 3-zone split tube furnace with a special high stability
furotherm three mode controller. For load relaxation tests and for tensile
tests at a strain rate of 10-" sec-! which lasted up to 10 hours, tempera-
tures were controlled to better than «0.5°C.

The determination of plastic strain ratios was carried out by two
different methods. (1) Direct width (w) and thickness (1) measurements

were made after interrupted tests and compared to initial values. In
this case,
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in{t/t : (4-1)
0

(2) For room temperature tests, an Instron transverse strain sensor was used
to record the decrease in thickness continuvusly. In this case, assuming
constant volume during plastic deformation,

= XL 2
r- de de X (4.")

The factor dci,/'dct can be determined from the slope cof the transverse strain

sensor output.

4.3 Automatic Data Acquisition Systen

For both constant extension rate and load relaxation tests, load-time

data was obtained digitally using a Hewlett-Packard (HP 3052A) automatic

data acquisition system. Digital data acquisition is a necessary compunent

of the testing program in order to provide sufficiently rapid data acqui-
sition at the highest strain rates and sufficient load resolution at the

lowest strain rates in load relaxation tests and near the maximum load in

constant rate tests., The resolution 1s necessary to be able to calculate

accurate derivatives needed to investigate strain hardening and load
relaxation.

The HP 3052A data acquisition system consists of a scanner, digital

voltmeter (DVM), timing generator, and plotter controlled by a calculator

through a conmon int2rface bus. A block diagram of the system is shown in

Fig. 2. Data and programs can be displayed on a line printer or stored on
a magnetic tape cassette both of which are components of the calculator/

controller. Output can also be sent to a teletype (1TY) through a serial

interface (ROM) module. The system, as assembled, has 15,036 bytes of read/

write memory, and problems due to limited storage c¢an usually be overcome by
using the tape cassettes.

A program (DVM RUN) has been developed which enables the calculator to

control the scanner and DVM reading sequence. The channels scanned, reading

;
i
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FIGURE 2. BLOCK DIAGRAM OF THE AUTOMATIC DATA ACQUISITION SYSTEM
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intervals, and output devices, including changes in these instrument settings,
can be preselected for a particular experiment.
program is shown in Fig. 3.

A flow chart for the DVM RUN
The main program accepts a data sequence matrix,
triggers the timing generator, sets up data storage and output. Each timing
generator pulse initiates an interrupt routine (CSI) which either stores a

DVM reading or changes the instrument settings. The maximum reading rate

depends somewhat on the data sequence but is approximately 15 sec—]. Since

the system has a buffered output capability (limited by the 15k core size),
the reading rate is not affected by the speed of the output device.

The DVM readings are stored in a data string (D$). Interpretation of the

DVM readings by channel (load, strain, etc.) and time (after t=0) is accom-
plished by a second program, DVM DATA, which identifies the DVM readings (D$)
according to the data sequence matrix (S$) and stores voltage-time data

pairs by channel in (C$). The flow chart for DVM DATA is shown in Fig. 4.

At present, the program DVM DATA assumes that up to two channels will be

used, but this could easily be increased. In addition, some of the informa-

tion in (S$) is also stored in {(D$), redundancy that was convenient during
program development.

Listings cf the programs DVM RUN and DVM DATA are pr sented in Appendix
B. The language is a modified form of Basic.
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5. RESULTS FOR 2024-0 ALUMINUM
5.1 Constant Extension Rate Tests

Stress-strain curves and tensile test parameters. Constant extension

rate tensile tests were performed on the 2024-0 aluminum test specimens at
temperatures of 25°, 100°, 163° and 225°C.

The 163°C (325°F) temperature
was selected to represent a typical warm forming temperature for this alloy.

At 25°C, tensile tests were performed on 0°(L), 90°(T), and 45°(F)

specimens at strain rates of 10°% to 107! sec™!. For these tests, the

Instron transverse strain sensor was used to monitor the decrease in

specimen thickness. A typical Instron chart record, obtained at a strain

rate of 1073 sec™!, is shown in Fig. 5. At strain rates of 107" sec™! and

below, the 25°C load-elongation curves showed strong load serrations
(Portevin-LeChatelier effect), and the thickness - elongation curves showed
highly non-uniform flow characteristic of Luders band propagation., The

load serrations only began after a c¢ritical strain which increased with in-

creasing strain rate. At 107! sec™!, the critical strain was high enough

that only one or two serrations were ohserved. While these effects are

well-known in aluminum copper alloys [30] and have recently been reported
for 2024 aluminum in particular [31], use of the thickness strain trans-

ducer appears to have produced a unique and exceptionally clear picture of

the band propagation phenomenon. In spite of the localized deformation, the

material appears to strain-harden in a norwal manner, and, for the purdose

of studying formability, we can consider an averaged, or smoothed, load-
eiongation curve,

The load-elongation curves have been used to compute a number of stan-
dard tensile test parameters.

These are summarized for the 25°C tests in
Table 1.

In this and subsequent tables, o
0.2 percent non-elastic strain, .
1oad,

v is the engineering stress at

UTS is the engincering stress at maximum
anif 19 the true non-elastic strain at maximum load, and ‘tot 1S the
engineering strain at fracture (1.50 in guage length),
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TABLE 1. TENSILE TEST PARAMETERS FOR
2024-0 ALUMINUM AT 25°C

, -1 ‘ .
Specimen Rate (sec™!) oy (MPa )} YUTS (MPa) Lo f 'tot(k)
19L 10-1 90.5 181. % 0.138 17.7
17L 10-7 91.5% 182.) 0.153 20.4
15L 10-43 88.6 182.7 0.147 18.3
16L 10-4 92.0 186.9 0.151 19.2
18L 10-° 91.} 191.0 0.160 20.5
20T 10-! 91.7 171.0 0.141 17.4
137 10-° 89.7 172.4 0,157 18.8
1471 10-° 92.3 1791 0.149 18.7
12F 10-! 89.9 171.3 0.150 18.9
10F 10~ 85.4 1731 0.157 19.4
11F 10-° 90.3 180.9 0.156 20.9

In Table 1, the stress oy appears to be independent of strain rate
for each orientation. The small variations obtained may be due to problems
in correcting for the effect of load-train compliance. The — and Ceot
values show some scatter but also seem independent of strain rate. How-

ever, the o values appear to show a small, yet monotonic and probably

significantuggcrease with increasing strain rate. This is believed to be
simply another feature of the mechanism which produced the localized

plastic deformation 1llustrated in Fig. 5. In effect, the flow stress fis
determined by the strain rate characteristic of the band propragation, which
is different from and not simply related to, the rate imposed by the

testing machine.

For tests at any one strain rate, the 1S values for the T and F
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specimens are nearly equal and significantly less than those for the L
orientation. This will be discussed in more detail below in terms of
plastic anisotropy. The oUTS values reported here are in excellent
agreement with those obtained by ALCOA [4] (L:182 MPa, T:172 MPa) at a
strain rate of 5x10°% sec™! on specimens obtained from the same Reynolds
2024-0 aluminum lot.

At 163°C, tensile tests were also performed on L, T, and F specimens
at strain rates of 1075 to 107! sec”!. The load-elongation curves were
smooth with no visible indication of localized flow. The variation of ten-
sile test parameters with strain rate and orientation is summarized in
Table 2.

TABLE 2. TENSILE TEST PARAMETERS FOR
2024-0 ALUMINUM AT 163°C

Specimen Rate (sec-!) oy (MPa) ouTS (MPa) funif ‘tot(%)
51L 10-! 87.2 164.0 0.120 16.2
46l 102 83.7 162.6 0.127 21.6
451 10-3 82.6 155.0 0.127 33.3
491 10-4 81.2 138.9 0.112 30.5
50L 10°° 81.4 131.4 0.1 21.9
247 10-1 79.7 157.3 0.122 16.2
237 10~7 81.4 156.3 0.'35 21.0
197 10-3 83.9 152.3 0.130 3?.R
187 10-% 80.6 136.3 0.134 34.8
40F 10-! 81.5 154.9 0.124 17.2
13F 10-7 80.8 154 .5 0.145 24.7
28T 10-3 81.4 147.0 0.137 34 .4
28F 10-" 79.0 133.9 0.135 35.0
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Again vy and tunif &ppear to be effectively independent of strain rate.
However, the TS values now indicate a clearly positive strain rate

sensitivity, and the ¢ values are strongly strain rate dependent with a

tot
maximum near 1073 or 107" sec™!. It has been shown [32]) that the post-

uniform elongation { ) in a tensile test is determined pre-

v - C

tot unif-
dominantly by the strain rate sensitivity. Hence, the variation in "ot
in Table 2 indicates a rate dependent strain rate sensitivity that is

largest near 107 or 107" sec™!.

The variation in tensile properties with strain rate at 163°C is also
illustrated in Fig. 6 by the true stress - truc strain curves (up to funif)
for the five L specimens of Table 2. This figure also suggests that the

influence of strain rate is largest between 10 ¥ and 10°“ sec™!.

lensile tests at 100°C and 225°C were conducted only on L specimens at
a strain rate of 107- sec™!. The true stress-true strain curves {up to
(unif) for the L specimens at 107 sec™! for all four test temperatures are
shown in tig. /, and the tensiie properties are summarized in Table 3.
The vyv oyrs
The large tot
sensitivity for that test.

, and v values all decrease with increasing temperature.

unif
value at 225°C is an indication of a large strain rate

TABLE 3. TENSILE TEST PARAMCTERS FOR
2024-0 ALUMINUM A1 1077 sec™!

S ime 0 0 ° 8] 3 O - 8 t . 1
Specimen Temperature (°C) y (MPa) urs (MPa) unif (")
tot
7L 5 9i.5 1801 0.153 20.4
73 100 R 1765 0.151 18.7
dot 163 83.7 162.6 0.127 21.6

721 R 70.G 1031 0.088 61.5
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Plastic Anisotropy. The plastic anisotiropy of the aluminum sheet is
characterized by the plastic strain rations r = cw/ct measured for specimens
cut at 0°(L), 90°(T), and 45°(F) to the rolling direction. The r-values
were determined from direct width and thickness neasurements according to
Eq. (4-1). Measurements were made during interrupted tests conducted at
25°C and a strain rate of 1073 sec™! and at strains ot approximately 2, 3, 5,
and 10 percent. No significant variation with strain was observed. The

measured values of Yor T gg° and Tas ave given in Table 4 along with values
determined by Battelle (at 107° sec-!) [4] and ALCOA (at 5x10°3 sec™!) [4].

TABLE 4. R-VALUES FOR 2024-0 ALUMINUM

AT 25°C
This
Orientation Investigation Battelle [ 4 ] ALCOA [ 4]
T _—"“—:§g_'TTTF -2 ; -3 -1
(at 10 7 sec ) (at 107¢ sec ') {at 5x10°° sec

LN 0.74 (.45-0.62 0.74

FQO 0.64 0.51-0.57 0.56

r45 0.77 0.62- 4.80 --

It should aiso have been possible to determine the r-values from the
slopes of the transverse strain sensor output (see Fig. 5), at least for
strains below the onset of unstable flow. However, the transverse strain
sensor cutput generally indicated larger changes in thickness and, hence,
smaller r-values than those measured directly. This discrepancy is not
vaerstood, and the directly measured r-values are preferred. However, the
linear form of the transverse strain sensor output, exclusive of the
“staircase"” behavior in the localized flow reaime, also indicates that the
r-valtues do not depend significantly on strain. In addition, the transverse
strain sensor slopes did not vary noticeably with strain rate so we expect
that the strain rate dependence of the r-values is small,

The CUTS values in Table 1 show that the tensile flow stress is
dependent upon the orientation of the test specimen. At a strain rate of

1077 sec™!, the “UTS values for T and F orientations are approximately equal

o b Wl

T

Wleadiii M
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but are about 6 percent less than that for the L orientation. This depend-
ence can be discussed in terms of Hill's [27] theory of planar plastic
anisotropy. The relevant yield function and definition of effective stress
are presented in Appendix A. In particular, expressions for the ratios of
the effective stress o to the tensile stress o in terms of the measured
r-values are given by Egqs. (A13-A15). The corresponding relationships
‘between the effective strain ¢ and tensile strain €y are given by £q. (A17}.
The same formulation can be used to relate effective stress and strain to

the stress g and strain vy measured in a hydraulic bulge test. These ratios
are qiven in Lgs. (A16) and (A18) and ave based on the assumption of balanced
biaxial stress. These stress ratios and strain ratios have been calculated

tor the measured r-values and are summarized in Table 5.

TABLL 5. EFFECTIVE STRESS - LFFLCTIVE STRAIN
CONVERSION FACTORS AT 25°C

Test Orientation VR e
Tensile 07 (L) 0.949 1.0563
Tensile a0 (T) 0.99) 1.009
Tensile 45°(F) 0.994 1.006
Bulye -- 1,087 0.94¢0

In order to compare the stress-strain curves vs. orientation, the effective
stresses at offective strains of 0.05, 0.10, and 0.15 are given in Table 6
for the three 1077 sec™! runs of Table 1. In addition, bulge tost results
reported by ALCOA 5] on specimens obtained from the same Reynolds 2024-0
lot are also included. The bulge test stresses are average values from four
different tests., 1t is clear from Table 6 that the effective stress-effective
strain curves determined for the three tensile orientations are effectively
cotncident . The bulae test results are not as close and ditter tfrom the tensile
results by about 10 percent.  Considering the approvimate manner by which hydrau-
Tic pressure and change in thichness are converted to true stress - true strain

tor the bulae test [5]. the agreement is considered satisfactory. However,

does not lend support to the anisotropy correction factors as the tensile
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TABLE 6. EFFECTIVE STRESS VS. EFFECTIVE
STRAIN FOR 2024-0 ALUMINUM
TENSILE AND BULGE TESTS AT 25°C.

Effective Stress o at e =

Test Specimen 0.0% 0.10 0.15
Tensile 15L (0°) 163.5 186.4 199.5
Tensile 13T (90°) 164.0 185.2 198.0
Tensile 10F (45°) 163.1 185.1 198.9
Bulge ALCOA [5] 187.0 206.2 217.8

results do. Similar comparison between tensile and bulge test results for
aluminum alloys have previously been reported by several investigators [33, 34].

It is concluded that Hill's theory of planar anisotropy together with
r-values determined from measured strain ratioscan be used to account for the
plastic anisotropy of 2024-0 aluminum.

Strain Hardening Behavior. Since the true stress - true strain curves
for the L, T, and F orientations at 25°C can be brought into coincidence
using Hill's theory of planar anisotropy, the discussion of the strain harden-
ing behavior will be restricted to a single (L) orientation. Referring to
Tables 1 and 2 it is seen that the dependence of oyTs ON orientation is
roughly the same at 163°C as for 25°C, with SUTS for the L orientation greater
than that for T and F. So it will te assumed that the r-values measured at
25°C can also be used at 163°C and the tensile data at both temperatures will
be reduced to effective stress - effective strain using the factors in Table 5.

The strain hardening behavior will be investigated in terms of the depend-
ence of the derivative

y= (0 enalde )L (5-1)

on stress at various strain rates ¢. The choice of variables, y = v (0,¢),

is based on Hart's concept [15] that these are state variables which partially

describe the current structure {and future response) of the material. Although
the experiments are at constant extension rate and not constant strain rate as

implied in the definition of y, the derivatives of the stress-strain curve can
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be identified as y with negligible error. For a constant extension
rate test [35],

dtng/de = y~-(52no/3 lné): YoV, (5-2)

For the results presented here, y>1and v<0.1. Hence, the strain rate sensi- o
tivity v makes & negligible contribution to the total derivative. ?~?

Figure 8 chows a plot of y vs o for the 2024-0 aluminum test run at
163°C and 1073 sec”!. This is a smooth curve over the entire range of data
(equivalent to 5x10~3 < € < Eunif) and provides no obvious clue as to how
to model the strain hardening. It is more instructive to examine a plot of
log y vs log o. This plot is shown in Fig. 9 for the same test as Fig. 8.
Regions of different curvature in Fig. 8 row appear as regions of different
slope in Fig. 9. The most distinctive feature is the linear decrease in
log y with log o at large stresses. Reference to the stress strain data shows
that the linear portion begins at a strain of approximately e = 0.05. Since
we are interested in the large strain behavior for predicting formability, it
is sufficient to model the strain hardening for e >0.05 phenomenologically
by assuming

gn vy = enA-Ban G (5-3)
where A and B are constants which can be determined by linear regression from

the strain hardening data. This straight Tine is shown in Fig. 9.

Integrating Eq. (5-3) we obtain an expression for the stress-strain curve,

= )/ [oBme + 2] 18 (5-4)

where oy is the stress at ¢ = 0. Although A and B can be determined from the
strain hardening data, o must be determined using the stress-strain data.
While there are several ways to do this, we have used a linear regression
analysis of ¢ B ys z.

A L

ft is to be noted that Eq. (5-4) is the same form as that originally pro-
posed by Swift [8],

e i e AN A

o=k (eg+e). | (5-5)

However, in our application, n = 1/B is determined from the dependence of ¥y
on stress, and gg = aoB / AB need not be interpreted as a prestrain. In fact,
it will be seen that for 2024-0 aluminum, eo will come out negative. This
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simply represents the faot that the straight line fit in Fig. 8 extra-
polates to higher derivatives y at low stress than those actually measured.
Hence, the fitted Swift equation will curve below the experimental points at

small strains. The small strain regime can be ignored or modeled separately,
as required by the application.

Using the log vy vs. log o and o vs. e data, the Swift equation para-
meters have been determined vs. strain rate for the five L specimens tested
at 25°C (see Table 1) and at 163°C (see Table 2). These are summarized
in Tables 7 and 8 respectively along with a comparison between the calcu-
lated maximum uniform strain '

Cunif = n - g (5-6)

and the measured (effective) value Cunif"

The success of this fitting procedure is illustrated by the effective
stress-strain curve and Swift equation fit for the 163°C, 1073 sec™ ! test
in Fig. 10. It is especially significant that the fitting procedure pre-
sented here produces an excellent match between calculated and experimental
slopes. It is the slope of the stress strain curve which directly deter-
mines the formability when failure occurs by plastic instability.

TABLE 7. SWIFT EQUATION PARAMETERS FOR
2024-0 ALUMINUM AT 25°C.

Rate_, .
Specimen (sec ') n £ k(MPa) n-vq Cunif
19L 107! 0.147 <0.015  266.8 0.162 0.145
17L 1072 0.134 -0.023  262.5 0.157 0.161
15 1073 0.144 -0.017  266.7 0.161 0.155
16L 107 0.116 0.032  259.6 0.148 0.159
18L 1072 0.129 20.030  273.1 0.159 0.168

average values 0.134 -0.023 265.7 0.157 0.158

In Table 7. none of the parameters n, vg, or k for the 25°C tests show
a smooth or significant variation with strain rate. The same is true for the
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uniform strains. Hence it is concluded that the high strain, strain harden-
ing behavior of 2024-0 aluminum at 25°C is effectively independent of strain
rate. For this reason, average values of the Swift equation parameters and
uniform strains have been included. At 25°(C, the constitutive equation bhased

on these average values is
5 (MPa) = 265.7 (-0.023 + o)0: 13 (5.7)

For the individual runs, and particularly for the average values, we obtain

excellent agreement between calculated and observed uniform strains.

TABLE 8. SWIFT EQUATION PARAMFTERS FOQR
2024-0 ALUMINUM AT 163°C.

Rate_ -
Specimen  (sec ) n o k(MPa) n-«o Cuni f
B 511 10'1 0.107 -ozﬁz iﬁf@ ~~~~~~~~ &;;“MM_EREN'——
asl 107 9.109 -0.021  222.3 0.130  0.134
ast 1073 0.104 -0.018 2001 0120 0133
aoL 107 0.098 -0.016  184.5 0.1 0.1
soL 1070 0.107 -0.018  178.3 0.126  0.127
average values 0.105 -0.019 -- 0.124 0.128

For the 163°C tests in Table 8, neither n, 15, or tihe uniform strains
show a siynificant variation with strain rate and average values have been
presented. However, k increases significantly and non-uniformly with increas-
ing strain rate. Hence, a simple constitutive equation like tq. (5-7) will
not be presented for the 163°C strain hardening behavior. The strain rate
dependence of the strain hardening behavior is further illustrated in Fig. 11
which shows (from left to right) the log y plots for strain rates of 10°°,
1074, 107, and 10 <sec ~!. The 107! sec™) plot has been amitted since it is
essentially coincident with the 1077 sec”™! plot. Figure 11 shows that,
although the n-values are constant and k-values strain rate dependent for
the high strain behavior, essentially the opposite is the casc for the low
strain behavior. The slight upward curvature at very low strains, also
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‘modeled by a strain rate independent constitutive equation. The explicit

evident in Fig. 9, represents a transient strain which appears to saturate

pall

by ¢ = 5x1073. The strain rate dependence of the strain hardening behavior is
largest near a strain rate of 1073 or 107" sec ! which is, of course, con-

sistent with the high strain tensile test results presented in sec. 5.1. In
summary, the stress and strain rate dependence of y shown n Fig. 11 indicates -
that the strain hardening behavior of 2024-0 aluminum at 163°C cannot be

dependence on strain rate will have to be taken into account. .2

Comparison Between Tensile and Bulge Tests. In Table 6, the tensile

effective stress-effective strain data is compared to bulge tests iesults on =
the same 2024-0 lot reported by ALCOA [ 5]. This comparison is made within

the range of tensile strains, ¢ < - Since one impnrtant objective of

unif’
the development of constitutive equations is the ability to extrapolate out-
side the range of tensile data, comparison will also be made to the bulge

tests results at the larger strains achievable in that test.

Figure 12 shows a comparison between the Swift equation fit to the high
strain tensile data for the 25°C, 10° ! sec” ! test and several bulge test data g
points. The comparison is similar to that indicated in Table 6. The values '
of effective stress determined from the bulge test are about 10 percent above
the extrapolated tensile data. The strain hardening behavior (slopes) appear
very similar,
The strain hardening behaviors are compared further in fig. 13 which
shows 109 ¥ vs. 1og o for (a) tensile data obtained at 25°C, 107 sec’],
(b) the average Swift equation for the 25°C results from £q. (5-7), and (c)
bulge test data. It is seen that the bulge test data agree well with the
linear extrapolation of the decrease in log v vs. log o based on the high
strain tensile data.

In sec. 7, it will be seen that the calculation of the theoretical FLC
for plastic instability is based entirely on Y values less than one. In order
to use constitutive equation parameters determined from tensile data, extrap-

olation to values of y at ¢ > ¢ is required. The comparison to the AI.COA

unif
bulge test data supports such extrapolatior if the procedures developed here

for modeling the tensile strain hardening behavior are employed.

5.2 Load Relaxation Tests.

Lcad relaxation tests were used to investigate the dependence of the flow
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stress o and the strain rate sensitivity

v=(2Ino/2in ) (5-7)

v
on strain rate and temperature. For the load relaxation tests, the specimen
was loaded to a plastic strain of approximately 1i at a strain rate of

1077 cec™!, During loading and initial relaxation, load readings were taken

at a rate of approximately 15 per second. The data acquisition system was
progranmed to reduce this rate incrementally during the tests which lasted
from 2 to 5 hours. The load-time data was processed to calculate true

stress o and strain rate . at a subset of load intervals separated by approx-
imately equal load increments. The results are presented as 1cq o vs. log
plots tereed hardness curves. Since the strain accumulated during a load relax-
ation test is very small, the hardness curve represents a specinen at essen-
tially constant structure, and thao slope of the hardness curve is the strain

rate sensitivity v.

P

The hardness curve for a 2024-0 aluminum sample abtained at ?5°C is
shown in  Fia. 1. The slope of the hardness curve is essentially independ-
ent of strain rate and gives a strain rate sensitivity . = 3x]0’3. This small
value of « is in general aqreement with the lack of strain rate dependence of
the flow stress determined for the constant estension rate tests at 25°C. For
example, if a factor . had been included in Lq. (5-7). its variation over the

strain rate range of 1077 to 1077 sec™! would be only 2

percont.

Hardness curves determined on another 2024-0 specimen at 4 different
temperatures are shown in Fig. 15, These tests were all vun on the same
specimen at decreasing temperatures. Approaimately 1 Lo 2 percent plastic
strain was accumulated for each test prior to the relasxation.  Hence, each
hardness curve iy represent a different hardness state and the shapes,
rather than the relative stress levels, provide the usctul intormation, [t
is seen that, in general, the strain rate sensitivity v oincreases with increas-
ing temperature and decreasing strain rvate. At 16370 and D060, the hardness
curves have an inflection point, and the strain rate sensitivity decreases with
strain rate below a strain rate of approximately 10~b svc-]. These temperatures
represent approximately 0,48 and 053 ot the melting point ot the alloy, respec-
tively, whnch 1s a temperdture vange where ons expects arain boundary sliding

to contribute to the deformation. Previous studics [30,37] have shown that
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grain boundary sliding can lead tc a hardness curve with an inflection
point at intermediate strain rates, and it is thought that grain bcundary
sliding determines the dependence of the strain rate sensitivity on strain
rate at 163°C and 225°C for 2024-0 aluminum.

Since the hardness curve at 163°C is of interest in regard to the
interpretation of the strain hardening data at this temperature, it is
shown expanded in Fig. 16. The maximum strain rate sensivity is

Vs 5x10'2 at ¢ =107° sec']. and v may decrease by up to a factor of 10
as the strain rate increases to 107} sec™!. This is reminiscent of the

strain rate dependence of the flow stress and strain hardening coefficient v,

but a detailed mode) is required to make the comparison quantitative. In

summary, the load relaxaticn tests have provided interesting information on

the strain rate dependence but fuither deveiupment of constitutive equations

i5 required.
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6. RESULTS FOR Ti-6At~-4V

6-1 Constant Extension Rate Tests

Stress-strain curves and tensile test parameters - sheet. Constant ) !
extension rate tests were performed on the Ti-6Av-4V test specimens cut
from the RMI sheet described in sec. 4.1 at 25°C and strain rates of 1072 |
to 10'] sec']. In addition, some tensile test results were available from -
work performed at the University of Kentucky (UK) [4] at 25°C, 538°C :
(1000°F), and 677°C (1250°F). The 1250°F temperature i5 within the warm
forming range for Ti-6A¢-4V, dowever, some preforming is done at room

temperature, and the 25°C tensile data is relevant for this application.

The 25°C tensile tests were performed on 0°(L) specimens at strain )
rates of 107> to 107 sec”! and on 90°(T) and 45°(F) specimens at strain 3%
rates of 10°% to 107% sec']. A typical Instron chart record obtained on q?
an L specimen at 10-3 sec'] is shown in Fig. 17. The load-elongation curve

shows very little strain hardening. There is a mild yield puint effect follow-

ed by a slight rise to a maximum lo.d. In general, the strain hardening was
2 -1

L
¥

Targest at the lowest strain rates. At 10 ° sec ' and above, the load tended

w0 fall off continuously after yielding. The thickness stirain transducer was

used for these tests, and it is seen that the trarsducer output is smooth and ki

nearly linear. js
The load-elongation curves have been used to compute standard tensile test i

parameters vs. strain rat~. These are presented in Table 9. The engineering E

stress at the yield point 9y is recorded instead of a 0.2 percent yield stress :

Both the yield point stress u and the ultimate tensile stiress “UTS increase I

steadily with strain rate, Both the uniform strain tunif and the total elon-

gation Lot decrease with increasing strain rate in a manner such that the 1
post-uniform elongation is nearly constant. The stress values are nearly
independent of orientation with those for the I specimens being about 2 per-

™

cent less than these for the L and T specimens. The SUTS values are in excel-
lent agrecwent with average values determined by Batelle[4] (1: 1014 MPa

T: 1005 MPa) at a strain rate of 1.67 x 1075 sec”)

The variation in tensile properties with strain rate is also illustrated

in Fig. 18 by the true stress-true strain curves {(up to 'unif) for the four

. 2D - ,
L specimens tested at strain rates = 10 © sec ]. It is scen that the stress

[N ———————— LR TS
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TABLE 9. TENSILE TEST PARAMETERS FOR
Ti-6Ae-4V SHEET AT 25°

Specimen Rate (sec']) ou(MPa) oyts(MPa) Cunif ctot(%) 7

24L 107! 1064.5 .- - 8.2

251 107% 1035.6 1029.1 0.025 10.1

z6L 1077 998.1 1000.0 0.053 12.4

2N 107" 965.6 985.7 0.069 12.7

28L 1077 938. 1 965.5 0.070 13.4 ]

177 1072 1033.0 - .- 6.9 ;

16T 1073 999.0 996.4 0.040 10.3 {

187 1074 972.5 983.3 0.057 1.8 %
3

18F 1072 1018.7 - - 9.5 §

17F 1073 337.6 978.1 0.025 13.2 :

19F 1074 956. ¢ 960.0 0.049 13.1

strain curves are nearly paralilel.

Tensile data on specimens cut from the same Ti-6A¢-4V sheet has also been -
obtained at UK in a parallel study. Their true stress-true strain curves vs.
temperature and strain rate are shown in Fig. 19 and Fig. 20 taken from
reference [ 4 ]. In general, the flow stresses decrease and total elongations
increasc with increasing temperature and decreasing strain rate. The room

temperature stresa-stiain curves at 1072 and 100 sec'] are considered anomalous.

Stress-strain curves and tensile test parameters - bar. Since the
Ti-6A2-4V sheet work hardens very little, some tensile tests on Ti-6A¢-4V
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bar performed for a previous study will be reexamined here. These tests were
run on button-head specimens at a strain rate of 10-2 sec'] and at temperatures
of 25°, 2007, 350°, and 500°C. An Instron chart record obtained at 25°C show- E
ing l1oad vs. elongation is shown in Fig. 21 and the true stress-true strain : s
curves (up to ‘unif) for all four temperatures are shown in Fig. 22. It is
seen that the strain hardening is significantly greater for the bar specimens
than for the sheet specimens. In fact, the load-elonuation curves for the
sheet specimens look very much like those for bar specimens that have been
subjected to alor? percent tensile prestrain [29 ]. This is consistent

Tl s

with the observation that the sheet material has not been fully annealed.

The tensile test parameters for the bay specimens vs. temperature are
shown in Table 10. At 25°C, the yield stress Cy is smaller and the ultimate
stress oyyg is larger than for the sheet material.

TABLE 10. TENSILE TEST PARAMETERS FOR
Ti-6Ac-4V BAR AT 1072 sec ™.

Temperature oy(MPa) oUTS(MPa) Sunif tot (%)
25°C 932.2 1056.1 0.045 15.1
200°C 689.8 861.3 0.048 14.9
350°C 626.2 789.2 0.059 14.38
500°C 566.0 674.5 0.054 17.9

Plastic Anisotropy. In the parallel study on the Ti-6A:-4V sheet at UK
[ 4 ]. extensive work was done on measurement of r-values vs. orientation,
strain, strain rate, and temperature. The r-values were determined by meas-
ing changes in dimension of 0.05 inch square grids that had been etched on
the flat surface of the tensile specimen prior to testing. The UK results
at room temperature and 3 percent strain are shown as a function of orienta-
tion and strain rate in Table 11. The r-values range from 0.49 to 0.830.
The scatter is quite large, and no definite patterns regarding dependence
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on strain rate or orientation emerge. However, it was shown that the r-values
increased substantially with strain, increasing from ~0.3 at yield to 1.0
at a true strain of 0.1.

TABLE 11. R-VALUES FOR Ti-6At-4V SHEET
AT ROOM TEMPERATURE. FROM [ 4 1].

Orientation at 100 (sec']) at 1072 (sec']) at 1074 (sec'])
o 0.51-0.55 0.58-0.69 0.60-0.64
90 0.51-0.52 0.52-0.54 0.50-0.51
r45 0.59-0.80 0.70-0.73 0.49-0.58

Mcasuwrements 1n our laboratory based upon the transverse strain sensor
output also showed significant scatter. Using Eq. 4-2, measured r-values
ranged from 0.33 to 0.74 with no definite dependence on strain rate or orien-
tation. It is interesting to note (Fig. 17) that the slope of the trans-
verse strain sensor output decreases over the first ~1 percent plastic strain
and then is néar]y constant through the maximum load pecint. Eq. (4-2) can be
written

re (@ E g (6-1)

where dt is the decrease in thickness and di the increase in guage length.
The derivative dt/di is the slope observed in Fig. 17. Eq. (6-1) together
with the observed transverse strain sensor output imply that the r-value
should increase over the first -1 percent strain and then decrease as the
ratio {t/¢)} decreases. This is contrary to the observations on the gridded
specimens, and the discrepancy is not understood.

As a final comment, it is noted that the yield point stress Cy and
ultimate stress CUTS are nearly independent of orientation at fixed strain
rate (Table 9 ), with the stresses for the F specimens slightly less

(1.5 - 2.5 percent) than those for the L and T specimens. If the Hil}
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theory for anisotropy holds, this would imply that rar would be s *ghtly

greater than o and 90" This is suggested but not clearly demonst “ted
by the measured r-values.

In sunmgnary, the plastic anisotropy of the Ti-0A:-4V sheet is charac-
terized by approximate isotropy within the plane of the sheet (normal
anisotropy) with an average r-value of approximately 0.6.
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Strain hardening behavior - bar. Since the Ti-6A¢-4V sheet material
used in this investigation strain hardens very little, the strain hardening

Lokl
A

behavior of the annealed bar will be examined first. The method of analysis
will be the same as that used for the 2024-0 aluminum in sec. 5.

gt =i

L
Tl

id A1

A plot of 1og y vs. log ¢ for the 25°C specimen of Table 10 3is shown

in Fig. 23. The shape of the curve is clearly of the same form as those
obtained for 2024-0 aluminum. Again, log y decreases linearly with log o

at large stress. Reference to the stress-strain curve indicates that this

L S ol Wi 44

linear portion begins at appronimately 2 percent strain. The straight line
fit to this portion of the log y vs. log o data is also shown in Fig. Z3.
lising the parameter for this line and the stress-strain data, the Swift

I
il st 1

equation for the large strain portion of the tensile stress-strain curve .
1S 1

0.035

o (MPa) = 1239 (-0.008 + ) (6.2)

It is emphasized that this equation only holds at 25°C and a strain rate of :
10°2 sec']. The strain rate dependence at 25°C has not been investigated. @
The stress-strain curve and Swift equation fit are shown in Fig. 24, The 1
predicted unifcrm strain n-co = 0.043 agrees closely with the measured value

of . = (.045.

unif

The portion of the log y vs. log o plot correspending to strains from
approximately 0.005 to 0.020 (log y = 0.5 to 1.0} can also be fit by a
straight line. The strain hardening exponent for this portion is n = 0.0b.
For strains less than 0.005, the log y vs. loa o data rises above this
straight Jine due to a transient strain contribution.

The strain hardening behavior of the Ti-6A:-4V bar was also investi-

gated for the elevated temperature runs in terms of log y ve. log .
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Although these plots had generally the same shape as that for 25°C, it
was more difficult to identify a high stress linear portion. This is
illustrated by the plot for the 500°C tensile test in Fig. 25. Since
the identification of a straight line segment is not clear, the modeling
procedure for the high temperature data will not be reported.

It is significant that the strain hardening behavior characterized
by a linear dependence of log v on log ¢ has been observed for both
2024~0 aluminum and Ti-6A¢-4V, alloy systems with significantly different
structure and properties.

Strain hardening behavior - sheet. It was possible to analyze the sirdin

hardening behavior for the Ti-6A¢-4V sheet material in terms of log y vs.
log o for those tensile tests that exhibited a maximum load. These results
will be summarized for the four L specimens tested at strain rates of 10-5
to 107 sec ).

The log y vs. log o plot for the test run at 107 sec™! is shown in

Fiq. 26. It is essentially a straignt line over the entire range of
stresses. The points begin at a strain ¢ = 0.015 chosen to avoid the region
of mininum stress which follow the yield point. Straight lines were fit to
the log y vs. log ¢ data corresponding to strains greater than ¢ percent
(1.5 percent for the 10-2 sec-] test). The stress-strain curve and the
Swift equation fit for the 10-4 sec'] test is shown in Fia. 27. The fit

is excellent over the entire range of strain.

The Swift equation parameters for the four L specimens are summarized
in Table 12. The n values are nearly independent of strain rate with an
average valuye n=0.106. This is higher than either the low stiyain (0.06)
or high strain (0.035) values for the anncaled bar. The ta values increase
with strain rate sc as to account for the decrease in uniform strain. Again,
the agreement between calculated and measured unituri strains is very Jqood.

The k values yenerally increase with strain rate.

In summary, the strain hardening behavior of the Ti-6A -4V sheet can
be desciibed by a single Swift equaticen over the entire raage of strain

past the initial yield point. Although an averaqge n value could be used,

the Yo and k values depend upon strain rate.
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TABLE 12, SWIFT EQUATION PARAMFTERS FOR
Ti-6A2-4V SHEET AT 25°C.

Rate
Specimen (sec'l) n vy k(MPa) n-v, Cunif
251 107 0.093 0.073 1310 0.020  0.025
261 1072 0.121 0.063 1367 0.058  0.053
27L 1074 0.102 0.033 1334 0.069  0.069
281 107° 0.106 0.031 1327 0.075  0.070

6.2 Load Relaxation Tests.

Variation with temperature - bar. Load relaxation tests have been per-

formed to determine the dependence of the flow stress and strain rate sensi-
tivity on strain rate and tewperature for the annealed bar material. vix
load relaxation tests were performed on a single specimen at decreasing
temperatures of 500°, 425°, 350°, 275°, 200", and ?5°C. The hardness curves
are shown in Fig. 28 and the four runs at the intermediate temperatures are
shown on a more expanded scale in Fig. 29, These hardness curves illustrate
the change from low temperature to high temperature grain matrix deformation
behavior suqggested by Hart [15]. For the strain rates sampled, the transi-
tion occurs at 350°C., At temperaturcs below 3507C, the strain rate sensi-
tivity 1s small and increases with increasing strain rate at each temperature.
A typical value would be v . 0.01 at 25°C and ]U_d sv(']. AL temperatures
above 350°C, the strain rate sensitivity is larae at low strain rates and
decreases with increasing strain rate. At 500°C and ]”~h sec it s

v 00100 AL 35070 the strain rate sensitivity passes through a minimum
value ot « . ?x10-3 at a strain rate of 10-5 svv—]. It s eapected that

cach ot the havdness curves in Fig. 78 coudd be £t by tg. (8-6) for
constant values ot v and M. The parametors «* and A woud INCrease as
strain is accumilated from run to run and o would carrvy the nmajor tempera-

ture dependence.
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Varjation with strain ~ bar.

Two load relaxation tests were performed
on another specimen, both at 25°C, at true strains of 0.015 and 0.051. The
hardness curves are shown in Fig. 30.

At 25°C, Hart's equation Eq. ( 2-6) relating flow stress to strain rate
can be approximated by

o= o* + % € ]/M. {(6-2)
This equation was fit to the two hardness curves in Fig. 30.
was selected by trial and error, and o* and o
regression. These are shown in Table 13.
sidered approximate.

A value M=30
o Were then determined by linear
The value of M should be con-

Its choice affects the absolute values of o* and %
but not the change from test to test.

It is seen that o* increases with
strain but s is almost constant.

TABLE 13. HARDNESS CURVE PARAMETERS
FOR Ti-6A%-4V AT 25°C.

Specimen Test No. M o*(MPa) oo(MPa-sec]/M)
# 2 (Bar) 1 30 683.6 4318.3
# 2 (Bar) 2 30 740.5 428.6
#39L (Sheet) 1 30 611.1 490.9

Comparison of load relaxation and constant extension rate tests - sheet

A single 1oad relaxation test was performed on a Ti-bAi-4V sheet specimen at

25°C. The specimen was loaded at an initial strain rate of 4x10'3 sec'] and

the relaxation began at a strain of 0.016 and a stress level nearly equal to

the yield point stress a9y Since the sheet material strain hardens so little,

a repeat test on the same specimen is not of interest.

The hardness curve for this test is shown in Fig.

31 along with the
fit of Lg. {6-2) for M=30. The o* ard

o valuzs are inciuded in Table 13.
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It is seen that o* is smaller and % larger than chose for either test on

the bar specimen, Thus it is % rather than o* which correlates with

relatively high yield point stress of the sheet material.

The dependence of flow stress on strain rate from the load relaxation

tests can also be compared to the strain rate dependence determined from

the constant extension rate tests. For this comparison, the yield point

stresses % from Table 9 were converted to true stresses and plotted vs.

initial strain rate in Fig. 31. It is seen that the load relaxation

-1 -
results, including the extrapolation to 10 sec !, agree extremely well

with the yield point stresses from the constant extension rate tests at

all five initial strain rates. It is believed that this close agreement

is due to the fact that the strain hardening rate is small and nearly
independent of strain rate.

For the Ti-6Ai-4V sheet material, it appears that an approximate
strain and strain rate dependent constitutive equation can be obtained

by combining Eq. (6-2) with the Swift equation. A possible form would be

st (1 # £y 0106, o 1N

o ot (6-3)

where o* and 9% are taken from Table 13, €0 from Table 12. The equation
would only be valid for strains from O to (0.106 - co).
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7. COMPARISON OF THEORETICAL AND EXPERIMENTAL FORMING UNITS

For 2024-0 Aluminum at 25°C. Both in-plane and out-of-plane FLD's
have heen obtained for the 2024-0 aluminum at room temperature by ALCOA
[4]. The out-of-plane FLD was obtained using a modification of Hecker's
(19] method, and the in-plane FLD was based on both standard parallel-
sided and noticed tensile specimens. For the notched tensile specimens,

a special square grid of 100 lines/inch was used to determine the strains.
The FLD's are shown in Fig. 32 for two different lots of 2024-C aluminum,
the standard Reynolds lot and an ALCOA lot. The ALCOA lot is considerably
more formable than the Reynolds lot, and for both lots, the in-plane forming
limit is well below the out-of-plane forming limit. Possible reasons for
this latter discrepancy have been discussed in Section 3.

The Hill FLC was calculated for the Reynolds lot 2024-0 using the
average Swift equation parameters from Table 7 and an averaqe'F = (C.73.
The FLC is shown in Fig. 33 along with the in-plane and out-of-plane
FLD's for the Reynolds lot (converted to true strains) from Fig. 32. The
agreement between the FLC and in-plane FLD is very good. This is due in
part to the fact that the strain rate sensitivitv of 2024-0 aluminum at
room temperature is very low (Section 5.2) and its neglect by using the
Hi11 theory is a good approximation. It is not surprising that the FLC
agrees with the in-plane rather than out-of-plane FLD since the FLC was
determined from parameters measured under plane stress conditions. The
calculated FLC for 2024-0 aluminum at 25°C is discussed in more detail by
Nagpal et al. [38].

For 2024-0 Aluminum at 163°C. From the Swift equation parameters in
Table 3 it can be determine. that the calculated Hill FLC for 163°C would
tall below that for 25°C. The plane strain intercept for 1637°C would be
0.122 (assuming r = 0.73) vs. 0.755 at 25°C. This is clearly not realistic
as we expect considerably more formability at 163°C than at 25°C, so the
FLC is not presented. It does illustrate that the increase in formability
with temperature woculd be a strain-rate effect.
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For Ti-6Ai-4V. Both in-plane and out-of-plane FLD's were determined
for Ti-6Ai-4V at 24°C, 538°C (1000°F), and 677°C {1250°F) by the University
of Kentucky [4]. The results are shown in Fig. 34. For these tests, the
in-plane and out-of-plane FLD's agreed very cleosely. It is seen that the
minimum 1imit strain at 24°C is about 0.13 and the formability increases

with temperature.

If a Hi1l FLC were calculated based on the Swift equation parameters
in Table 12, the overall level would depend upon strain rate. The effective
strain rate for the FLD can be estimated from the crosshead speed to be
s 1077 sec” . Using the 1072 sec”] parameters would give a plane strain
intercept of approximately 0.02. Again, this indicates that the formability
of the Ti-b6A:i-4V isrmainly strain rate dependent, and the Hill FLC will not
predict the forming 1imits.
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8. CONCLUSIONS

1. The results of this program suggest that sheet metal formability
can be predicted from theoretical forming 1imit curves based on constitutive
equation parameters determined from uniaxial tension tests. Success of
this approach requires careful modeling of strain hardening behavior and
the consideration of strain rate sensitivity. Further work to incorporate
strain rate effects into calculated FLC's is required.

2. A new method of investigating strain hardening behavior based
upon the dependence y = y (o) is proposed. The method assures that the
slope of the stress-strain curve, which directly effects formability,
will be accurately modelled.

3. Analysis of the stress dependence of the strain hardening
coefficient y (o) has shown that the strain hardening behavior of 2024-0
aluminum at 25°C and 163°C and of Ti-6A%-4V at 25°C can be modelled by the
Swift equation for large strains (e 2 0.05 for 2024-0 At and ¢ 2 0.02 for
Ti-6Ag-4V). Excellent agreement is obtained between measured and calculated
uniform strains. For 2024-0 Az at 25°C, good agreement is obtained between

the extrapolated Swift equation and hydraulic bulge test data to strains
of -0.4.

4. The strain rate dependence o (¢) from load relaxation tests at
25°C can be modeled by an equation suggested by Hart for low homologous
temperatures. For 2024-0 A at 25°C, the strain rate sensitivity is small
enough to be neglected. For Ti-6Ae-4V at 25°C, good agreement is obtained
for o (e) determined from both load relaxation tests and constant extension
rate flow stress vs. strain rate.

5. The strain rate dependence of the flow stress o (¢) at elevated
temperatures (to 225°C for 2024-0 Ae; to 500°C for Ti-6A¢-4V) shows the
transition from low temperature to high temperature behavior suggested by
Hart. For 2024-0 A¢ at 163°C (325°F), it appears that the strain rate
dependence is effected by grain boundary sliding.

6. The orientation dependence of the flow stress of 2024-0 aluminum
sheet at 25°C can be interpreted using Hill's theory of planar anistropy
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determined from the hydraulic bulge test is reasonable,
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z 7. For 2024-0 A¢ at 25°C, the thearetical FLC based on Hill's -3
theory of localized necking (strain-rate independent) is in qood aqreement -
with the experimental in-plane forming limit diagram. However, both are -

- significantly lower than the standard out-of-plane FLD determined hy . jj%

: punch-stretch tests. - 44

8. For 2024-0 aluminum at 163°C and Ti-6A-4V at 25°C, the farming S
limits calculated using Hill's theary of localized necking would be too E Z~
small due to the neglect of strain rate dependence. Development of a -
strain rate dependent nodel for the calculated FLC is required, 3
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8. APPENDIX A: SUMMARY OF SOME ANISOTROPIC PLASTICITY RELATIONSHIPS

Hi11 [27] has extended the Von Mises yield function to account for plas-

tic anisotropy. The resulting yield function f(oij) and effective stress o
are defined by

2 f((‘ij)= F(Oy - 02)2 + G(GZ - Ux)2 + H(Ox - oy)2
n < 2 2

+2 L Tyz +2 M T + 2N Txy

= (2/3)(F + G+ H) 3° (A1)

where F, ¢, H, L, M, N are the anisotropy parameters. For the case of planar
stress with o, = Tyz = 0, Eq. (A1) reduces to

Zf(cii)* (G + H) o -2 H N + (F + H)uy + 2 N 1xy‘ = ZKAG‘ (A2)

&

where kA = (F + G+ H)/3. For application to the deformation of a thin sheet,
the ~x direction is taken parallel to the rolling direction.

Lee and Kobayashi [ 2 ] have presented the corresponding expressions for
an applied stress system defined with respect to orthogonal axes (1,2) which
are rotated by an angle 0 with respect to the axes {x,y). For principal
stresses (v;2 = 0}, the result is

2€(0 i) A0y - 2 Bojor + Copt = 2Ky o? (A3)

where A ® Fsin®0 + Gecos?0 + H - &sin“0 cos-o

B =H - &in’0 cos?o
C =G sin“0 + Fcos ¢ + H - 8§sin“0 cos 0
§ =F+ G+ 4H - 2N,

The normal plastic strain increments are derived from the yield function ac-

cording to .
.o _deaf
dey

- ZkAG o, (A4)
o doe af . .
d > = TKF 53'2 (A5)
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The normal strain increment dey can be obtained from the condition for con-
stant volume

dey + de; + dey = 0. (A6)

It is important to note that the shear strain increment dyi2 is not necessar-
ily zero even for a stress system with Ti2 = 0. In fact, the principal axes
of stress and strain will only coincide if one of the principal stress axes
lies along the rolling direction [2].

In the following we denote the ratio of principal stresses o,/0;y = a,
and the corresponding ratio of plastic strain increments dep/dey = B. For
the case of proportional straining, 8 is a constant, and 8 = e5/¢,. Egs.
(A4) and (A5) can be used to relate a and 8,

B = (Co - B)/(A - Ba), (A7)
and inverting,
a = (AB + B)/(BB + C). (A8)

We also denote the ratio of plastic strain increments dep/des = r. Eqs. (A6)
and (A7) can be used to relate r to a and B,
r = -g/(1+8) = (B-Ca)/[A-B + (C-B)a]. (A9)

Thus the r-value measured in a tensile test (a = 0) for a specimen cut from
a sheet at an angle 6 to the rolling direction is given by

re(a=0) = B/(A-B). (A10)

For the usual case of specimens cut at 0°, 90°, and 45° to the rolling direc-

tion, £q. (A10) gives the relations between the measured r-values and the
anisotropy parameters

Y'o="G‘)r90=""j'a rb5=T.'%'%’ (A]])

or, inverting,

6.1 F_1 N1, ]
-H_.-Y'o > H Y90 > H [ro+rgo]Eu5+?]' (A]Z)

It is now possible using Eqs. (A3) and (A12) to write down the relations
between the effective stress o and the measured stress for certain simple
test configurations in terms of the measured r-values. For a uniaxial tensile
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L2 L

a = 0%, 90°, or 45°

test {0y = Opy 02 F Q) with a specimen cut at an angle

to the rolling direction we have

- 1/2
- 00 g - _TELr tror
e 0 UT [? r0+r90+r0V90 ] i (A]3)
- 172
= 9N°: [ - 3(rotrorag)
o o7 2{ro*rsotrorso) ' (A14)
Q= 457 é. = 3£r°+r90)(rhif‘r e (A]S)
' Oy 4{rotraettolso ’

For a hydraulic bulge test, assuming balanced bijaxial stress at the pole

(oy = 02 7 UB)‘

o o | 3(rg+r Ve (A16)
°g 2(rotraotrarao! *

the relation between the effective strain in~

Also, using Eqs. (A4) or (AS),
For the tensile

crement dec and the measured strain increment can be obtained.

test,
dc/dcy = (a/aT)" , (M7)

and for the bulge test,
(R18)

de/desy = (5/08)“ .

Thus the inverse of the factors in Eas. (A13) to {A16) relate effective and

measured strain increments.
of normal anisotropy. j.e.. iso-

Finally, we consider the special case
From tq. (A12)

tropy within the plane such that rU(x = Q) is independent of u.

the isotropy conditions are
(A19)

G/M = F/H="NH=-2¢= r,

{A3) becone independent of ¢. By choosing

and the paramcters A, B, C in £q.
W= v/ (14r), £q. (A3) becomes
(AZ0)

2 ot 2k o

2r
" T

where ky = (24r)/3(14r).  Also, Ky replaces Ky
of the effective stress to the

Zf(ﬂij): M
in Las. (A4) and (A5). tor

normal anisotropy, the ratio un{axial tension
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yield stress is S ¢
3 L] 1/2 i [3 4y J 1/2 (A21) : j

oq ZkIJ 2(2+r ] 1

Thus, o can be thought of as the uniaxial tension yield stress for an iso- 1
tropic specimen (r = 1). For the hydraulic bulge test, Eq. (A16) or Eq. 13
(A20) gives EE
44

¢ - [ 3]V (A22) 2

B 2+r

Eqs. (A21) and (A22) combine to give the familiar result 3
J | ]/2
2 5] e

\T
In some treatments, Eq. (A20) is written in the slightly different form 3
01: - TE—;‘: 010 + L‘.:: = )‘2. (A24) ;

In this case, y is simply a tensile yield stress and differs from the effective
stress o defined here by the factor (2k1)1/2. i

din
i

ul




TRIS PAGE IS BES? QUALITY PRAORIGAELE
FROM oory PUNAISHED O DOC

11. APPENDIX B. AUTOMATIC DATA ACQUISTION
SYSTEM CONTROL PROGRAMS

1 s se

UMM RUNT
1 [$02580
01D (3000

[grei

A e
() 2% sa se an () sa ee (_ e bd (f) »e

Lox]

C¥ (58],

“FCDy SFQT

¥

2 QPIri13artla

TP olariaarid

3 cll *init?

I oni THUC3IOC

18 wrt "duns
"FIRIT2MIHANGDY

11 fat Q" =mwmm

12: "mloor”ispc
Stwrt 18,9

13: as=bh "IDENT"

147 spc 2surt
16.8%prt "Setti
nas "

15¢ 3sbkb "SETTING
g"

16 wrt 16,9

17 dsp "Hit
continue when
ready to start.

18: szte

19: =227

2B eir Tiurt
"elk"+«"POOLEISR

21 “"ptestierr
7

22 if riv#as
ato "clock”

23 if ri13<lany
ato “"puwait”

24: 9sh "eprint”

25: "pwait"tif
ri7#0sato "cloc
kl’

26 if D#1iato

test”
1e6ar13
ir P#13

. e T e

(93 oV
=~

ato

"ptest”

29¢ beep

30 ent "Print
ot oll data™”y
J

1¢f copi{dfi="
ta:b "prtall”

LAY]

-

Iz "mtare"ibecrk

32 ent "Store
on taps?" . Jdy

34 1t cariJdsrd”
Y"3ato “mstop”

35 enp "track
#79Y

36 enr “f1le
#" N

AV trk Vifdr X

38 jdf ZC01)s
S23203):204)
28]

39 1f Sr21s0:q
ent "Querurite
file?? sl

48: if Z[z1#0:

if cap(Jdsr @ yms
ato "mtare”

1 1 Z[41{3nQ0
ibheeptent "File
too small™eJd$s
ato "mtape”

321 rof NeIlf2S54,
KR 3

43 prt “file
stored”

447 "mstoe
"fQone"isec
stp

45¢: ato "mlaonpe

48 “"clock":ird
NiQ=2ri?

47 wrt "clk"
"T1aQEIDR"

42 fat "PT.f3.08
I TN R R N

42 wrt "clhkT

rigeN

SB: ei?' [

S1: ato "ptest”

S2: "gsIav:

531 T+1-T7

54t fmt fired
"Jum" s R

§5: rvaC

Se: "CSI":

S7 if r2x=rS5i
if rid¢=0iato
“cgifa.n”

S8t if ra=r4;:
ato “"csiscn”
89 (f ridQpl-
{4rlsr32rdiaton

"CSI

rlerdayr?

B

o

&1 "osinewT

2 1t rd4>rsy
ato "ecszifin®

63! 1f SFlrd.
r4}="s"31ato "."

ed: rd+l2rdiate
"esingw”

88 "csiszen"?

66! pos(CHESE(r2
v r2))Aaresrle
122

6r: it reddsato
“ocslex”

& prt "CSI

OR"idsp "ERK

.

) prt "ri-re
“arlardaerdy
s rSvre

Y "ceiftinttl-l
et

"csiex":

Jns re

atoe "R”

ato Q7

Aato "G

ato "

ato "

Ito “space”

[to 1"

atg "S8"

ato “F"

ato "Q"

"RT
asb “"HNUMT
N-19
ra=r
ate "C38I
nee

gsb "HUM®

cll 'senit iy

Fe

L7 Bad

®¢ 90 o0 ve 26 50 68 46 w0 20 40 2 22 08 0 s vs €5 U6 00 s o0 Lo 00 s JJA) ew 1 o0 | v a0 oa (4 ss Lo wa 4 s oo se

DD OI DD DU =) =) ~f~f=p=f =y~ =}

X7
[+r7o1002Y
Y¥lealsy

fts (VI=0%(r
rio+3]
Fla+32r10
ato "CSIC
llDll:

fat "Channel
"y f2.0v") =
f8.95
Q9! wrt O0.C
1oQ: 9to "C

DO DD
O3B e ) bm La 0 1) vt = (D0 M =] Fo L) Fa 03 1o e D00 00 =4 To () de (53 33 = =0 = 3} o0 S M O

0 OO0

@ ., 0e oo oo 20 (T} se we ve on
-

-
Ficin -



101 v ttiret

1p2: "s"iato
"csl”

t@3: “zpace"iato
“gs1”

1ed: °I"e

195: red "ol

106 if rid=05-
1218 1srld

197 asb "HUM

1R Xxlelsrsard
3

189: int(loa(rd)
R3S

1109 r3/71@tHsr3

111 ro*lp@sras
H-29K

112 faar "FP"s
F3.8:"E"+f 1.9
e

1132 r8+rifsisrl

4

14: 10%rS+¥sYs
1Y/ 100a-.Y

15: Yeledlsy
16 £tz (Y)I0$L
rigs rig+3]

1? o= (U+13-2D
13+4,r19+71]
ft- (T1=D%C

SERE

iret

|c.c|

f1z (AYDS$L
sr16+3]
rig+d»rin
5: 940 "CEI”

r1
3
: r16+12+r1@
2

e on g oo
-
-
2
-
-
Lo - -

sto "C&
"HUH" S
if S3(r2s
"("59t0C

3¢9 113vall
r2srd4lsa¥
for J=r2

..H.. ee £ A ss e oo se g on e
*

ir SE 00
1TYeto Thue

—
— W

next J
"mumerr”?
rrt "nun
rur"sdsp

- -

LU OO - i

< o= m Y
s es sn o+ )

—
P
wrn
e O
D
[}
M-

pry "ri-
r6'!r1$rcsr39

145 "numpress "
145 J+lore

147 ret

1422 "‘ETTI? Gs"
149: " "35%

158: prt

151: @3rlardsres

152: 1*r2*r3+r5

15%: ent “Enter
Setting Commond
21" eS8 rsl

154: prt 5%

155¢ ato +2

156 "setloop”ie
ne “line ="
55[r41

167 1f StElrSy
rSl1="%"5:pc

rrt "len SE=",
rSigto "setend”
158: len(S$)+
12r5S

159: "31"283[rS,
r513rS+13rS
16@: ato "zetloo

P

161 "szsetend”isp
c inrt "SE".54%;3
spec 2irst

162 "init":
1632 if epQ=06;

rem 7yclr 7
164: fmt F9f5
dev "clk"s71823p
8y"ctr"s725+p %
"dum" 722+, 10,
"ptr"y7159pll
165: dev "scn”»
T89+r12y"3cnl”y
7102r13s "scn2"y
7113r14s"5cn3"y
712+p15

166: dev "svm”y
7244pleidsr?

85

167 wth FRTH
rds(7Tyr3srds
PS)pEIra+2tie?
-3)bit(2yrS)*re
yi+p?2R7

163 if 7417
ato -1

169: wtbh "ptr.9"

127953

8: ret

1: "scnl":

2! fmr £3,09¢

art "scn"ipl

Fr3: ret

4: "print"?

175 if rli1+3:=r
185 13Psret

176: =tf(D$lrits
r11+3113%

177 rit+d4srid

178: int(lo9(¥))
%

179: ¥/1014Y

189: if =633
ato “"rkflae”

181: if ri12=63
ret

182 if ¥{e@:3
fxd diprt V¥
161%3ret

123: if H=613
ato "int”

1284 1if X=£gj
ato "chnl”

185: ret

136: "int":

157 ¢xd 8

188: prt "“Clock
ticks="sstf(D$[
ri1yr11+327)

129: prt "#inter
rupte="sstf (DF(
rit+4.r11+71)

199: rii+gsriil

1918 Y-19Y
192: 1000xY2Y
1930 int (Y)=X

194 (Y-X)1*182Y
195: Xx1@tys¥
195 f1lt 33spc 2
197: prt "Int.
= "yY

192: spcC

199:% ret

206: "chnl™?
201 fxd @

202 Ye-12%

203: Y#10uo=»Y

[Y

. dan 10 Bbbf QUALIH
A X NSRUISHED TO DDC _

fn., ..
'RQEQprx



2841 zec 2iprt

“Channel 8"\Y
203 ret

206: "pfla":

207 prt "print”

208: if Y=1iert
"on"itari2

209 if Y=33iprt
"off"igari

210 ret

211 "IDENT":

212: ""2I$3"" a8
y 1%

213! ent “"Enter
run I.0."sJ$

214 prt "Run
I.0."

215 ato +4

216: “idloor™:

217 “"als

218: ent "lined”
vJ§

219: if lenld$)
16idspe "line
too lons"ibeer’
vait 300diato -
2

228 prt J$

2210 if lenids$)>
iif lenliJd$11&
HE SR N E Y-
5]

222 Js[1.161-1%
(XIfleni(If)1+12X

223 if lenldf)>
Biato "idloop”

224 uwrt 18,8

225 ret

226! "prtall":

227¢: wrt 15,81
prt "Data Set?
ispc 3

228 Q3P larid
229 if PH#t1yY1-r1
2sasb "erint”
230: if PH#li9to

-1
231 ret




¢ "0VM DATR":

t dxm I$[2q6];
$03001,08 (3000

dim N$[S2)
"RCO»3 ISPO"»

Pri " ss¥si¥
XEXFEEE"

prv “OM2"

11 prt "ssxsx+x
FXEFXXEERE"

src 2

1+R-E
Barisrdsrésr
ri3

13r2rs

SN
1001120 C2]

—
#n e ae J e ee oo

e e pa

—
MOI\)P‘HL‘:""\&O” NG~ I_RWh

tenpr "Tape
rack #"’T
t enmp “"Data
ile #"»F
2892 trk Tildf Fo»
$,5¢:0¢
21: len(5%)+r5S
22: enr "Laoad
hannel "sP[1]
23! enp "Other

channel "sPL[2]

2%¢ prv 1%

29: prt "e---oe-
--------- "ispc
2

3¢ ""sCE[1)C8 L
2]

31: 92TL115T(2]1»
TL31+T(4147(5]

3z2: ery "CS51"

33: "CsI":

34 if r2>=r5;
if r1{=0jato
“cgifin"

35: if r2<=r4;
9to “"csiscn”

36 if ri>03ri-
13riir3sr2isto
"csl”

37 r2+r4sr3

38 "csineu":

39: if rd4>rS;
9to "csifin"

40: if Stlrd,
rdlj="§"sato "y*

41: rd+i+rdisgto
“csineuw"”

42: "csisen”?

43: pos(N$sS%[r2
yr2l)3réir2+
1»r2

44: if ré6>039to
"csiex”

45: prtv "CSI
ERROR"5dsr "ERK
OR! "

46: prtv "ri-ré
="y risyr2 . r3,
résrSsré

47: 3to “"csifin”

48 “"csiex":

49: Jjmup ré
Sp: 9to "R"
S1: 9to "C"
S2: ato "D"
53: 3to “s"
S4: 910 "3"
SS: ato “"spoce
36: sto "I
57: ato “S°
58: a9to0 "P'
39 3t0 "O"
69 “HUM“:

61: if S$lr2,
r2J4"("sata
"humerr"”

62: ra2+1arz
3t sfa 145vnl (8
$Cr25r4)})¥

64: for J=r2 to
ré4

65: if StiJyJl="
}J"39to "numret”

66 next J

57 "numerr":

68: pPrt “num
error! “sdsp
“ERROR! "

69: prt “ri-r6",
rirr2sr3srd4sr5,
ré

78! "nunret™:

71: J+iar2iret

72: “DATA":

?3: if A>lentD$)
isto “outerr"
74: stf (D$LAsA+

31)4D

7S5t A+4-A

’76: if 0=03023
9to +2

77 int(loalabs(
D1))=2

78: Dr1atZay

79! ret

8@8: "R":

81: asb "HUM"

82' K-12r1
rz+r3

84' ato0 "CSI"

8:. v-C--:

86: g9sb "HUM"

37: B-L

88: if X=P[11:

1-L

89: if X=P[2];
2»L

%@: 9sb "DATA"

91: if Z#62%3at0
“Cerr"

92: Y-1a¥

a3: . Y#188=Y>C

94: if C#¥js9to
"Cerr"”

93: gto "CSI"

96: "Cerr":

37: prt “"Chonnel
Error”

98: prt "Conmmand
="y & '

99: prt “"Dota

ato "CSI”
S &
- 9sb “DATA"
Sif Z2#613
"lerr”
Y-12Y
Y¥1000Q-Y
int (V)22
(Y=2)1%1QsY

[ PP
~<

CCTOONOEOS N
YT T I X X

*e eo s o0 () 00 88 e se

P Pt Pt i

o e,



SelQtyay

Yo lenay

93b “"HUM®
Xes1edaN
Yart

it X#Yieto
re”

3b “"DATA"
0+r3

9sb "DATA"
D+r9Q

if r8=r9q
"inteood"
“"lerr":

fxd 2

rrt "Timina
rrort”

122 prt "clock
ticks ="y r8
123 ert "interr
urts ="y 19
124 prt "Interwv
al #"+ri10

125 prt "start
timet " T[4])

N . N

P Pt s s gt
o0 we o2 () v o0 00 os so f) 0 o8 ve ov ve eo

P [0 e off oo o=t ot g s
B =D WNTAR L L) e DD S

P e g

126: prt "End
timet " TI1]
{27 prt "# time

incrementst ™y
T3]

1288 prt “"neu
int.(msec) =",
ri2+%te3d

129 prt "%
Notel “Iprt "Tim
ine bazed on #
of interrupts

"intaood"

»

Prt "mem——-
! eprt "interv

“arl2irlday

toprt

! spcC

! o0+rtld

? TC4)+(r9-
2)T[2)+,15-T[1]

137 if T(S)=0:
19T(8130+T(1]

138t TL11+T(4]
1391 Y»T([2]

140t QT3]

1411 ri0+12rlQ
1421 sto v O
143t "S§"

{448 if ri13=0%
{4r138Q2T701)

-
W W
Ll >* 4

—
G D L)
OvN L

*U.8.Government Printing Ofticer 1979 — 637-002/703

143 azb "DATR"
1461 {f 2>601
#to0 "Serr"

1478 if L=0leto
"Derrint"

1481 fts (TL[1))>
CslL+OILY)

149 ft3 (DYACS(
LyQCLY +4)

0! QLLY+8+Q (L]
{t 9to "Deraint

—
A

3
-

re"

Prrt ‘Dutn

onent "

prt " MAu"

ert "Serr”

stp

ato “"CSI”

“Dprint "

if ril=0:

fiert “C
Du&u“

fme s¥ 1.0

vfE, 3

mrt 16.8:Co

g

o ps s Pt e foon

-3--.-.-.---‘5“-‘
o -

p—n —
Ll l’ O

.

Lo}

ato “CSI"
"'":

TO1I+TL2]AT

TL3II+12T[3]
ato “CSI”
IID"=

II; “!

"space”?

L
ato "C8IT
"exifint:
beerient
ore on tape”?

Pt P Lt
d GG O PP Ty O T T 4 T B T — = AA LN CACA T LA LA

St Pt et et pn et pen s Pt e
NEWII= G O T Are Ll IFI =D b DDA DT (R a0

if cam(JUf) d
"Jato "mstop”
enr "Track

enp "File
trk \ifdf X
idé 201
.2(3]-2[43;
i 2C2)1808

“Qverurite
L SAMBEINE ;

—
z=4

24 L=
e c® 00 () %0 00w o0 w 06 T s (P 00 0a 0o 8e 8a 90 00 v om 00 L) 04 0o 4a pa v
ey

-

— —
— p =<

L
-~ 8 ONI-J~j®~3 X~}

=T D OO

88

18141

Qibeerient

IS S B T
if cael u‘“"”":
L AN

182!

"esifin®

it 2[4)<3500
“"Fil

¢ too small™,

J¥lato

183t
1841
stored”
891
“Done"igpc ¥
e

[}
-2

-
v

f)}

4

“caif
ref X»C#
prt “fil

"mgtop"t

in"

L)

Rrt

LAl s

g A e e B 3

[




